Atrial Natriuretic Peptide (ANP) is a hormone produced by cardiac atrial myocytes. Thyroid hormones may affect its release. The aim of this study was to analyze the effect of hyper and hypothyroidism on the secretion of ANP and its relationship with the changes of the renin-angiotensinaldosterone system. Plasma ANP concentration as well as plasma renin activity (PRA) and aldosterone (ALDO) were measured in 21 patients with hyperthyroidism, 12 patients with hypothyroidism and 29 normal controls. Moreover, in 5 hyperthyroid and 8 hypothyroid patients hormones measurements were performed at diagnosis and 15, 30, 45 and 60 days after starting the appropriate therapy. Statistical analysis was performed employing the Wilcoxon two sample test to compare the ANP levels in normal and hyper or hypothyroid patients while the pairwise comparisons were evaluated using the Spermans rank correlation. Partial correlation and regression models were used to examine the joint effects of multiple predictors on ANP. ANP levels were significantly higher in hyperthyroid (mean±SEM, 17±1.7pmol/L, p<0.001) and lower in hypothyroid patients (6.18±1.14pmol/L, p<0.01) compared to normals (10.35±0.59pmol/L). In the hyperthyroid patients following treatment with antithyroid drugs plasma ANP levels reached normal values after 15 days and remained stable thereafter. In the hypothyroid patients, ANP levels increased gradually following initiation of treatment with thyroxine, reaching values comparable to controls at day 45. PRA was significantly higher only in hyperthyroid patients compared to controls. ALDO concentrations were not different in all groups studied. No correlation was found between plasma ANP levels and T3, T4, TSH, PRA and ALDO levels in the individual groups, while a positive correlation for T3 (r=0.610, p<0.01), T4 (r=0.653, p<0.01) and pulse rate (r=0.704, p<0.01) and negative correlation with TSH (r=-0.519, p<0.01) was found when all groups were pooled together. In conclusion, our data indicate that thyroid hormones affect positively ANP secretion from cardiac myocytes. This effect may be, at least in part, indirect via hemodynamic alterations.
INTRODUCTION
Atrial natriuretic peptide is a hormone that links the heart to the kidney in the regulation of volume-arterial pressure homeostasis 1, 2 . ANP produced and released from cardiac atrial myocytes induces marked natriuresis, diuresis, vasodilation and lowering of blood pressure 1, 3 . Moreover, it decreases water and salt intake [4] [5] [6] [7] . ANP vasorelaxant action has been demonstrated in a variety of preconstricted tissues as well as in isolated arteries and arterioles from several vascular beds [8] [9] [10] [11] . ANP has been shown to be particularly effective in antagonizing contraction of rabbit aorta induced by angiotensin II (Ang-II) 9 . This effect and the marked and sustained suppression of both renal renin secretion and plasma renin levels after ANP infusion in normal dogs 12, 13 suggest that ANP suppresses the renin-ang-II axis. It is possible that the ANP system helps to protect the heart from volume and pressure overload 14 acting directly on the myocardium and indirectly affecting mechanisms that are involved in the regulation of the peripheral circulation.
Studies in rats indicated that thyroid hormones increase ANP release both in vivo and in vitro 15, 16 . Furthemore, human studies revealed that plasma ANP levels are significantly higher in hyperthyroid and lower in hypothyroid patients compared to euthyroid controls (17) (18) (19) (20) (21) . ANP levels return to normal following appropriate treatment. It should be noted, however, that in at least one study this does not appear to be the case; hyperthyroidism and hypothyroidism were not followed by changes in plasma ANP levels 22 .
To further assess the changes in ANP levels associated with endogenous thyroid hormones excess or deficiency and the changes brought about by treatment, plasma ANP levels were measured in hyperthyroid and hypothyroid patients at diagnosis and following appropriate therapy. Moreover, PRA and serum ALDO were simultaneously measured to investigate their possible relationship to ANP changes.
PATIENTS AND METHODS
Plasma ANP concentrations were measured in 21 patients with hyperthyroidism (12 women and 9 men, aged 20-65yr, median 33yr), 12 patients with hypothyroidism (5 women and 7 men, aged 22-67yr, median 42yr) and twenty-nine normotensive healthy subjects (6 women and 23 men, aged 20-59yr, median 36yr) who served as controls. In addition, in 5 hyperthyroid (2 women and 3 men; aged 21-49yr, median 39yr) and 8 hypothyroid (4 women and 4 men; aged 28-65yr, median 47yr) patients plasma ANP levels were also measured before and 15, 30, 45 and 60 days after starting the appropriate therapy. Analogous measurements were made in a control group of 6 normotensive healthy subjects (4 women and 2 men, agematched).
The diagnosis of hyperthyroidism and hypothyroidism was confirmed by thyroid function tests. The hyperthyroid patients were treated only with carbimazole (30-40 mg/day) while the hypothyroid patients were treated with L-thyroxine. All patients and controls were on free diets except the group of patients followed during therapy who consumed diets with 3 grams NaCl per day. Patients with congestive heart failure, arrhythmia and renal disease or patients taking any medication other than the above mentioned were excluded from the study. The protocol approved by the ethics committee of the HAF and VA General Hospital.
Hormone measurements were carried out in the morning between 8 and 9 AM after an over night fast. The 5 hyperthyroid and 8 hypothyroid patients who were followed during therapy as well as the 6 healthy subjects, who served as controls, were hospitalized for 48 hours on each study occasion. Patients remained in supine position either overnight or for at least half an hour before blood collection. Blood pressure and heart rate were measured before peripheral venous blood samples were obtained. Plasma ANP levels, PRA and serum levels of T4, T3, TSH, ALDO, creatinine, sodium and potassium were determined in all patients. In the patients followed during treatment, serum free T4 (FT4), free T3 (FT3), 24-hour urinary ALDO, creatinine and electrolytes were determined in addition to the above mentioned parameters.
For ANP determination, venous blood was drawn directly into ice-chilled disposable glass tubes containing EDTA (1mg/ml) and 500 IU/ml approtinin. Plasma was immediately separated by centrifugation for 15 minutes at 4° C and stored frozen at -20° C until the assay which was performed within 2 months. Plasma ANP was extracted following sample acidification and loading onto proactivated C18 octadecyl silica cartridges (Sep-pak C18, Waters Associates, Milford, MA). ANP was eluted with 4 ml 80% acetonitriline-10% 0,01N HCl and lyophilized. After reconstitution, samples were kept at -20° C until ANP measurement. Plasma ANP levels were measured by RIA. For the plasma ANP determination of the patients studied during therapy and the six subjects who served as controls of these groups an antiserum to human ANP(1-28) which has <0.01% cross-reactivity with ANP7-28, ANP13-28 and ANP18-28 (Amersham Int.,UK) was used. For all other determinations of the plasma ANP an antiserum to human ANP(1-28) was used which has 109% and 127% cross reactivity, respectively, with ANP5-28 and ANP7-28 and <0,2% cross reactivity with ANP13-28, ANP18-28 and ANP1-11 (Nichols Institute Diagnostics ltd, UK). Each sample was assayed in duplicate and all samples of each patient were measured in the same assay. The recovery of 125 I ANP from the cartridges was 78±2%. Assay results have been corrected for recovery.
Plasma renin activity and serum ALDO, T4, T3, FT4, FT3 and TSH concentrations were determined using commercial RIA kits. Twenty-four-hour urine aldosterone levels were also measured using RIA kits. Serum and urine creatinine and Na+ and K+ were measured by routine laboratory methods.
STATISTICAL ANALYSIS
Normal distribution of the measured variables was checked by Kolmogorov-Smirnov test. Differences between normal subjects and hyperthyroid or hypothyroid patients were compared by unpaired t-test. One-way analysis of variance was used to analyze serial changes in plasma ANP levels and the other measured parameters in hyperthyroid and hypothyroid patients. Association between ANP and total T3, total T4, FreeT3, FreeT4 and TSH in hyperthyroid or hypothyroid patients was tested with Pearson correlation coefficient. Association of the above variables in pooled together patients and normal controls was examined after log-transformation. To examine the influence of serum T3, T4 and Pulse rate (PR) on the cardiac ANP production, a multiple linear regression model was used after log-transformation. Results are expressed as the mean±SEM. Differences were considered statistically significant when p<0.05. Table 1 . Plasma ANP, thyroid hormones, TSH, aldosterone levels and plasma renin activity as well as heart rate and blood pressure in 16 hyperthyroid and 12 hypothyroid patients (values are expressed as mean±SEM, *p<0.001, **p<0.01 compared to controls). 
RESULTS
Mean basal plasma ANP concentrations were significantly higher in the hyperthyroid and significantly lower in the hypothyroid patients compared to the control subjects ( Figure 1 , Table 1 ). Compared with normal controls, hyperthyroid patients had faster heart rates, significantly higher systolic blood pressure, elevated serum T3 and T4 levels and lower serum TSH levels while hypothyroid patients had slower heart rate, no significant difference in systolic or diastolic blood pressure, significantly lower serum T3 and T4 levels and higher serum TSH levels. Mean PRA was significantly higher in hyperthyroid patients compared to controls while. In hypothyroid patients no significant differences were detected. Serum ALDO as well as Na+ and K+ levels were not different from controls in either hyperthyroid or hypothyroid patients.
In the groups of 5 hyperthyroid and 8 hypothyroid Figure 1 . Plasma ANP levels (mean ± SE) in hyperthyroid and hypothyroid patients and normal controls. (*p<0.001 compared to controls. Conversion factor to SI units =0.309).
patients followed during therapy, mean basal plasma ANP levels were similarly significantly higher and lower, respectively compared to the 6 controls ( Table 2) . Before therapy, heart rate, serum T3, T4, free T3 and FreeT4 levels were significantly higher in hyperthyroid and lower in hypothyroid patients. Serum TSH levels were almost undetectable in the hyperthyroid and significantly higher than normal in hypothyroid patients. Basal PRA and 24-hour urinary excretion of ALDO and sodium as well as blood pressure were not different from control levels in both groups. Creatinine clearance was Table 2 . Changes of plasma ANP, thyroid hormone levels, TSH, plasma renin activity (PRA), urinary aldosterone, heart rate and blood pressure before and during the 60-days period of treatment in 5 hyper and 8 hypothyroid patients (values are expressed as mean±SEM, *p<0.05 compared to controls). significantly lower in hypothyroid patients compared to hyperthyroid patients only before treatment.
TREATMENT PERIOD (days)
The elevated ANP values in the plasma of hyperthyroid were normalized by the 15th day of treatment to levels not significantly different from those of the normal controls and remained so for the following 60 days (Table 2, Figure 2 ). Serum T3, T4, Free T3, Free T4 and the heart rate showed a similar pattern. TSH levels on the 15th day of treatment were not different from the pre-treatment levels but thereafter increased and were ( Figure 5 ). It should be noted, however, that a strong positive correlation was observed between plasma ANP and pulse rate (r=0.704, p<0.01) ( Figure 5 ) while systolic and diastolic blood pressure as well as PRA and serum ALDO were not correlated with plasma ANP levels. A multiple regression analysis showed that T3, T4 and pulse rate (â coefficient 0.117; p<0.001, 0.272; p<0.001, 0.592; p<0.001, respectively) significantly correlated with ANP levels.
DISCUSSION
Atrial natriuretic peptide, a hormone synthesized by atrial cardiocytes 1, 8 and involved in blood pressure and electrolyte homeostasis 23 , is released into the circulation in response to increased atrial distension and stretching 24, 25 . Experimental studies on rats, both in vivo and in vitro, have provided evidence that ANP secretion is influenced by thyroid hormones 26, 27 .
The majority of pertinent studies have shown that ANP levels in patients with untreated hyperthyroidism and hypothyroidism were significantly different from those of normal subjects 18, 19, 26, [28] [29] [30] [31] and returned to normal after appropriate treatment. However, at least in one study different results were detected 22 . Our findings are in accordance with the reports that plasma ANP levels are increased in patients with hyperthyroidism and decreased in patients with hypothyroidism and return to normal after euthyroid state is accomplished. significantly higher than both normal and pre-therapy levels at the 30th, 45th and 60th day. The normalization of thyroid hormone levels had no effect on blood pressure, creatinine clearance, PRA and renal excretion of ALDO at all time periods of the study. Twenty-four-hour sodium excretion did not change significantly during therapy and, when compared to normal subjects, it was significantly higher only at the 15th day of treatment.
In the hypothyroid patients, plasma ANP levels increased gradually following therapy with thyroxine but were still significantly lower compared to normal controls on the 15th and 30th day of treatment while on the 45th and 60th day of therapy plasma ANP levels, although still lower were not significantly different ( Table 2 , Figure 3) . The low levels of serum thyroid hormones were normalized 15 days after starting l-thyroxin treatment and did not change significantly up to the end of the followup period, while the high TSH levels decreased gradually and were close to normal 60 days after the initiation of replacement therapy. Normalization of thyroid hormones had no effect on blood pressure, PRA and renal excretion of ALDO and sodium throughout the study, while creatinine clearance remained unchanged.
No correlation was found between plasma ANP levels and serum T3, T4, TSH, ALDO or PRA in the groups of hyperthyroid, hypothyroid or euthyroid subjects. When patients and normal subjects were grouped together, plasma ANP levels were positively correlated with serum T3 (r=0.610, p<0.01), T4 (r=0.653, p<0.01), FT3 (r=0.846, p<0.001) and FT4 levels (r=0.806, p<0.001) (Figure 4 ), and inversely with serum TSH levels (r=-0.519, p<0.01), Our data suggest that thyroid hormones affect the production of ANP. Thus, in hyperthyroid patients, the reduction of serum thyroid hormones to normal levels after appropriate therapy was followed by a parallel normalization of plasma ANP while in hypothyroid patients plasma ANP, reached levels not significantly different from controls 45 days after therapy initiation.
The thyroid hormone action on renin synthesis and release has been studied in vivo and n vitro 32, 33 . Thyroid hormones affect positively renal renin synthesis and release. Thus, a stimulatory effect has been observed in hyperthyroidism and an inhibitory in hypothyroidism. Our data of increased PRA in hyperthyroid patients and unchanged PRA in hypothyroid patients support the former but not the latter observations. In rats, thyroid hormones activate the renin-angiotensin system increasing significantly the PRA and plasma Ang-II levels, while the opposite effect was observed in the hypothyroid state 34 . The increase of PRA in hyperthyroid patients is attributed to enhancement of renin secretion and higher conversion of inactive to active renin 35 possibly by an increased sympathetic activity since beta-blocker, propranolol, returned the PRA to normal 36 . It has been suggested that these changes could be related to adrenergic alterations since they constitute one of the mechanisms involved in the control of renin release by juxtaglomerular cells 37 . The absence of any significant alterations of PRA in hyperthyroid and hypothyroid patients studied for two months during therapy could be explained by decreased adrenergic activity and cardiovascular stability attributed to supine position for many hours before blood collection. Serum aldosterone levels were not different between hyperthyroid patients and normal subjects although the former had significantly higher PRA, a finding also reported in other studies 34, 38, 39 . The data indicate an inhibitory effect of ANP on Ang-II-induced ALDO secretion in hypethyroidism. This inhibitory effect of ANP on Figure 5 . Relationship between plasma ANP levels and pulse rate (r =0.704, p<0.01) as well as TSH levels (r=-0.519, p<0.01) in pooled together hyperthyroid and hypothyroid patients and normal controls. ALDO secretion has also been shown in cultured rat and human adrenal zona glomerulosa cells 39, 40 as well as in vivo in normal subjects 41 and in hyperthyroid patients by the administration of a graded Ang-II infusion 39 . The above observations indicate that thyroid hormones stimulate the secretion of ANP from the myocardium which then antagonizes the effects of the renin system on the adrenals and the arterial bed.
In agreement with previously published data 19, 20, 26 , we have found a strong positive correlation between ANP and thyroid hormone levels. Whether thyroid hormones influences directly and/or indirectly the secretion of ANP remains unclear. The significant decrease of ANP levels which accompanied the normalization of serum thyroid hormone concentrations in hyperthyroid patients as well as the increase of ANP levels in hypothyroid patients after appropriate thyroid hormone replacement in the present as well as in other studies 17, 26, 31, 42 confirm the importance of thyroid hormones in the control of ANP secretion. Furthermore circulating thyroid hormone levels have been shown, in vivo, to correlate positively with atrial and ventricular ANP mRNA contents 43 .
We have also found that pulse rate correlated positevely with plasma ANP levels. The excess of thyroid hormones is associated with increased heart rate, blood volume, cardiac contractility and cardiac output 44 and decreased systemic vascular resistance, while the opposite is observed in thyroid hormone deficiency 21 . The fact that in intact animals as well as in humans the artificial ventricular pacing increases the secretion of ANP 45 , despite normal thyroid hormone levels, indicates the existence of another mechanism for the regulation of ANP secretion. This mechanism appears to remain intact in hyperthyroidism as deduced from hyperthyroid patients with atrial fibrillation who had significantly higher plasma ANP levels compared to patients without atrial fibrillation 42 . Thyroid hormone-dependent hemodynamic effects seem to be superimposed on the direct stimulatory effect of thyroid hormones on ANP production by cardiocytes. However, the propranolol-depressed heart rate in hyperthyroid patients failed to affect ANP secretion 38 .
In conclusion, our findings show that thyroid hormones regulate positively ANP production from cardiac myocytes. It is our hypothesis that this effect of thyroid hormones is exerted both directly on cardiac myocytes and indirectly via alterations of the cardiovascular system resulting in increased atrial stretch.
